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A  composite  structure  of  titanium  and  nylon  cloth  was  found 
to  be  superior  to  any  know  single  armor  material. 

A  significant  synergistic  effect  was  noted  when  a  material 
with  a  high  stopping  power  was  combined  with  a  material 
possessing  high  energy  absorption.  A  method  of  selecting 
components  for  a  synergistic  composite  that  is  better  then 
any  single  opponent  was  suggested  by  the  use  of  ballistic 
limits  data  and  'missile  residual  velocity  data. 

Uhusual  missile-retarding  characteristics  were  observed 
for  titanium  A-110AT  and  polymethyl  methacrylate  Sheet. 

The  energy  absorption  characteristics  of  glass  previously 
reported  were  verified. 

Consideration  of  these  findings  indicates  that  proper  exploitation 
of  these  phenomena  can  achieve  significant  improvements  in  personnel 
armor. 
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FOREWORD 


During  World  War  II,  a  Major  advance  In  personnel  protection  van 
Made  by  the  Introduction  of  Doron  (a  polyester-glass  fabric  laminate) 
and  nylon  cloth  (as  cloth  or  as  a  resin-bonded  laminate) .  Since  that 
tine,  no  significant  progress  has  been  Made  In  providing  the  cosfeat 
soldier  with  armor  which  he  can  wear  and  which  affords  greater  protec¬ 
tion  against  battlefield  missiles  than  the  armor  now  available. 

The  work  described  herein  Is  of  an  exploratory  nature.  Its  pur¬ 
pose  was  to  determine  whether  or  not  combinations  of  materials  can 
provide  mors  protection  than  single  armor  materials.  The  favorable 
results  from  these  exploratory  tests  enhance  the  prospecta  for  dsvel- 
opment  of  better  armor  with  materials  now  available  through  the  use  of 
composite  structures. 
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ABSTRACT 


The  concept  that  composite  armor,  consisting  of  two  or  more  dissimi¬ 
lar  Materials,  is  capable  of  producing  substantially  greater  protection 
than  an  equivalent  veight  per  unit  area  of  any  one  component  vas  studied. 
The  results  of  exploratory  experiments  vith  the  .22  caliber  17  grain  T37 
fragment  simulating  projectile,  demonstrating  the  synergistic  effect 
obtainable  vith  composite  armor,  are  given  for  three  systems  of  tvo 
components  each. 

Measures  of  the  ability  to  "defeat**  missiles  (such  as  the  Ycq  belli s 
tic  resistance  limit)  and  to  retard  missiles  are  presented  as  guides  for 
the  selev.Mon  and  positioning  of  components  vithin  a  composite.  Data  on 
reslduail  velocity  as  a  function  of  missile  striking  velocity  obtained 
vith  the  .22  caliber  17  grain  T37  fragment  simulating  projectile  for  5 
materials  (nylon  cloth,  titanium  A-11QAT,  aluminum  202 Vr  3,  glass  and 
polymethyl  methacrylate)  are  presented.  By  the  application  of  this  con¬ 
cept  of  composite  armor,  significant  advances  are  anticipated  in  provid¬ 
ing  protection  against  battlefield  missiles  for  personnel. 
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SITE  PERSONNEL  ARMOR 


ADDUCTION 


The  selection  of  arterial*  for  lightweight  amor  ha*,  in  the  past, 
been  based  on  the  ability  of  the  &xmor  to  "defeat"  a  test  missile,  i.e., 
prevent  the  missile  from  passing  through  the  armor  and  causing  injury  or 
dsaage  to  the  target  behind  the  armor.  The  "stopping  ability"  of  the 
armor  is  usually  measured  by  one  of  three  factors: 

1.  The  maber  or  percentages  of  impacts  wherein  complete 
penetration  of  the  amor  occurred. 

2.  The  Telocity  of  the  test  missile  at  which  no  pene¬ 

tration  or  a  certain  percentage  of  complete  penetrations  result  (e.g. , 

V50  *or  50  per  cent  probability  of  penetration) . 

3.  In  terms  of  a  weight  ratio,  comparing  a  material  with  the 
weight  of  a  "standard  material"  hawing  the  same  stopping  ability. 

The  aelectlon  of  materials  for  armor  usually  has  involved  the  choice 
of  a  single  material  rather  than  a  combination  of  materials.  Vhen  two 
ms  terlals  hare  been  used,  the  reason  has  been  to  obtain  advantages  not 
related  to  the  protective  characteristics,  e.g*,  the  use  of  a  plastic 
liner  with  the  M-l  steel  helmet  in  order  tc  hare  a  separate  piece  of 
lightweight  headgear.  Vhen  two  armor  materials  are  used  together,  the 
resultant  protective  characteristics  of  the  composite  have  been  inter¬ 
mediate  between  thoee  of  an  equivalent  weight/unit  area  of  each  material. 
Ih*  «xpr..»ioc  v5Q  «\/r?  2  +  *“*  b**n  *PI»r<*i»*t* 

tb*  V50  ballistic  MUtwi  W  of  a  two  "Component  armor.  The  use  of 
this  expression  for  comblxati  "*n*  of  layers  of  nylon  fabric  has  been  Justi¬ 
fied  by  Rogers ' ^  from  an  analysis  of  Vcq  ballistic  resistance  limits  data. 

The  first  indication  that  there  were  important  factors  other  than 
"stopping  ability"  came  in  19^5*  As  certain  experiments  were  designed 
to  make  Doron  (a  resin-bonded,  glass-fsbrl :  1**1  cate  developed  by  the 
Quartermaeter  Corps  during  World  War  II)  provide  protection  against 
small  arms  fire  by  using  structures  in  frvrfc  of  the  Doron  to  mushroom, 
yaw,  deflect  or  break  up  the  bulls* ,  glass  sheet  a  readily  obtainable 
end  very  hard  material,  was  suggested.  Vhen  glass-faced  Doron  was 
tested,  it  was  found  by  Webster^}  that  this  combination  of  materials 
was  mora  effective  than  Doron,  glass,  Halfleld  steel  or  a  Hadfield 
steel-Doron  combination  in  defeating  carbine  and  rifle  bullets  (l.e.,  a 
significantly  lower  weight  of  the  composite  was  needed  than  for  either 
of  the  single  materials).  Mtllecker  and  Callus, (3)  then  conducting  work 
on  the  development  of  Doron  armor  under  QIC  contract,  ware  led  by 

♦By  Watertown  (Hass.)  Arsenal. 
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Webster's  findings  to  study  the  missile -energy  absorbing  characteristics 
of  glass.  They  found  that  test  missiles  penetrating  a  pane  of  window 
glass  backed  by  Plastlcene  (artists'  modeling  clay),  all  stopped  at 
approximately  the  same  depth  In  the  clay  regardless  01  tne  Initial  Teloc¬ 
ity  of  the  missile.  Missiles  fired  at  1200,  1600  and  1900  ft  /sec.  all 
penetrated  to  a  depth  of  about  fire  centimeters.  Prior  experience  had 
shown  that  each  centimeter  of  penetration  beyond  one  centimeter  Indicated 
20  ft  /sec  residual  velocity.  They  also  noted  deformation  of  the  hard¬ 
ened  steel  missile,  a  yawed  dart  hardened  to  Rockwell  CU2.  Further  ex¬ 
perimentation  with  a  7/ 32 '-Inch  steel  sphere,  with  clay  penetration  as  the 
criterion  of  residual  velocity,  showed  that  the  velocity  loss  of  the  mis¬ 
sile  was  almost  as  large  as  the  striking  velocity,  and  that  It  Increased 
directly  proportional  vltu  increasing  striking  velocity.  However,  for 
duraluminum  (typical  of  many  armor  materials.  Including  steel  and  Doron) , 
the  velocity  loss  of  the  missile  increased  only  slightly  with  increasing 
striking  velocity  and  tended  to  approach  a  constant  value. 

During  1947-1930,  the  Midwest  Research  Institute,  under  contract  to 
the  Ordnance  Corps,  studied  the  numerous  factors  involved  In  the  general 
problem  of  designing  body  armor  +0  provide  resistance  to  penetra¬ 

tion  of  munition  fragments. 5)  The  performance  of  armor  materials  was 
defined  by  the  projectile  residual  velocity  vs,  striking  velocity  relation¬ 
ship.  This  relationship  could  be  used  to  predict  the  performance  of  com¬ 
posite  armor.  For  example,  It  was  predicted  that  a  hypothetical  2024-T3 
aluminum-nylon  cloth  composite  would  be  superior  to  either  component  In 
stopping  fragments.  It  was  reported  that  composites  of  these  two  mater¬ 
ials,  particularly  at  higher  velocities;  were  frond  to  be  leas  effective 
than  predicted  In  reducing  the  velocity  of  penetrating  missiles. 

Another  Ordnance  contractor,  Battelle  Memorial  Institute,  found 
that,  as  Increasing  amounts  of  aluminum  or  stainless  steel  cloth  were 
substituted  for  nylon  cloth,  .progressively  lower  ballistic  values  for 
the  composite  were  obtained.  W 

The  Aberdeen  Proving  Ground  has  determined  the  residual  velocities 
of  projectiles  after  penetration  through  armcr  and  has  used  such  data 
in  evaluating  V  effectiveness  of  armor  materials  In  terms  of  estimates 
of  casualty  ratios. (7) 

In  1953«  Weinberger  and  Deicelller  reported  that  the  ballistic 
resistance  of  fabric  armcr  could  ba  Increased  by  a  combination  of  fabrics 
which  took  mar! mm  advantage  of  each  fabric.7*  behavior  at  diffsrent  veloc¬ 
ity  levels.  A  practical  application  of  this  finding  was  tbs  use  of  both 
nylon  and  Fort  lean  fabrics  in  the  Canadian  armor  vest.  Also,  In  1933  # 
Weiner C 9)  reported  that  an  improvement  In  ballistic  resistance  limit  was 
obtained  by  selecting,  for  the  front  layers  of  a  fabric  armor  structure, 
a  fabric  highly  resistant  to  shear  and,  for  the  rear  layers,  a  fabric  of 
high  resistance  to  yarn  slippage. 
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In  1955#  consideration  of  (a)  the  energy  absorption  characteristics 
of  glass  as  reported  by  Mellecker  and  Gailus,  (b)  the  greater  effective¬ 
ness  of  glass -faced  Doron  amor  compared  to  single  amor  Materials  and 
(c)  the  greater  effectiveness  of  fabric  composites  compared  to  a  single 
fabric,  led  to  the  concept  being  presented  by  this  report:  that  compos¬ 
ite  armor  through  proper  selection  and  coafclnatlon  of  components  would 
provide  significantly  greater  protection  than  any  single  amor  Material. 
Selection  and  caefclnatlon  of  components  are  based  on  consideration  of 
both  the  stopping  power  (for  example,  as  expressed  by  a  Vcq  ballistic 
limit)  sad  the  ability  of  the  material  to  reduce  the  kinexic  energy  of 
the  alsslle  as  it  passes  through  it.  The  front  component (s)  is  selected 
from  high  energy  absorbing  sate  rial*  to  reduce  the  initial  high  velocity 
of  the  missile,  while  the  rear  component (s)  is  selected  from  high  stop¬ 
ping  power  materials  to  defeat  the  alsslle.  In  such  a  combination,  each 
material  would  be  brought  into  operation  at  the  velocity  range  where  it 
was  most  effective. 

To  test  this  concept,  the  exploratory  investigation  described  here 
wse  conducted  In  1956  with  the  following  objectives: 

a.  To  verify  the  remarkable  energy  absorption  characteristics 
of  glass  cl  si  mad  by  Nsllecksr  and  Gallus  (  3)  (using  yawed  dart  and  steel 
•pbsre  missiles  and  with  clay  penetration  as  sa  Index  of  residual  velo¬ 
city)  •  This  investigation  used  a  .22  caliber  T37  fragment  simulating 
projectile  and  made  direct  maasurement  of  the  missile's  residual  velocity. 

b.  To  determine  whether  a  few  arbitrarily  selected  c<ad>lna- 
tlons  of  materials  exhibited  eay  synergistic  effects  in  providing  pro¬ 
tection  against  missiles. 

c.  To  determine  the  energy  absorption  characteristics  of  a 
few  armor  materials  using  as  an  index  the  velocity  loss  of  the  missile 
In  passing  through  the  material. 
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EXPERIMENTAL  METHODS 


Tvo  measures  of  a  material' a  effectiveness  in  providing  protection 
against  Missiles  were  determined. 

The  first  Measure  is  the  conventional  Vcq  feaiiistig  ( protection) 
limit  which  Measures  stopping  power.  The  velocity  of  attacking  Missiles 
is  detendned  at  which  the  probability  exists  that  fifty  per  cent  of  the 
Missiles  pass  through  the  target  and  through  a  witness  plate  of  202k-Tk 
aluminum  placed  six  inches  behind  the  target.  The  procedure  and  equip¬ 
ment  for  the  V50  limit  determination  is  identical  to  that  used  for 

the  testing  of  lightweight  armor  materials  or  items. The  custom¬ 
ary  Inal  line  screen-chromograph-counter  system  was  utilised  to  measure 
missile  velocity.  The  missile  used  in  all  cases  was  the  17  grain  .22 
caliber  T37  fragment  simulator. (^) 


The  second  measure  of  a  material's  effectiveness  in  providing  pro¬ 
tection  against  missiles  is  the  velocity  of  the  missile  after  it  has 
passed  through  tbs  armor  material.  This  velocity  was  detendned 

by  using  a  second  set  of  screens  (connected  with  another  set  of  counter 
chronographs)  behind  the  target.  The  diagram  (Figure  l)  shows  this 
•qulpmsnt  arrangement.  Whenever  the  target  material  shattered  and 
spattered  particles  back  toward  the  rear  screens,  a  material  of  low  re¬ 
sistance  to  entrap  or  'filter  out”  these  particles  was  used  in  order  to 
eliminate  the  possibility  of  particles  triggering  the  screens.  Correc¬ 
tion  for  the  velocity  loes  incurred  by  the  projectile#  in  passing  through 
the  "filter*1  was  made  from  velocity  loss  curves  previously  determined. 

The  correction  never  exceeded  lfcO  feet  per  second  and  was  usually  less 
then  100  feet  per  second. 


At  velocities  substantially  below  1000  feet  per  second, 
screens  printed  with  a  silver  grid  were  used  instead  of  the  lumlline 
screens.  Also,  a  gun  actuated  by  compressed  helium  was  used.  Thle 
end  equipment  was  designed  end  built  by  personnel  of  the  Biophysics  .  . 

Division,  Directorate  of  Medical  Research,  Army  Chemical  Center,  Md.  '*3; 


Three  azmor  composites  of  -cvo  component*  each  amd  five  materials  were 
tested.  The  Y50  ballistic  limit  of  a  window  glass-nylon  cloth  composite 
was  determined  in  order  to  sscertain  quickly  whether  or  not  the  previously 
reported  energy  absorption  properties  of  glass  would  be  apparent  when 
tested  with  the  .22  caliber  fragment  simulator.  A  V50  limit  much  higher 
than  would  be  expected  from  the  equation  composite  =  /Vjq^(x)  +  '5cP(2) 
would  indicate  that  the  glass  component  had  absorbed  a  significant  amount 
of  energy  from  the  attacking  miaalla.  If  a  high  Y50  HMt  was  obtained, 
verification  of  the  energy  absorption  affect  would  be  made  by  maasuremant 
of  the  residual  velocity  of  missiles  passing  through  glass.  Tha  Y50  bal¬ 
listic  limits  of  two  other  composites,  a  titanium  alloy  A-11QAT  backed 
with  nylon  cloth  amd  a  polymsthyl  methacrylate  sheet  hacked  With  polyvinyl 
butyral  were  also  determined  in  an  attest  to  demonstrate  that  materials 
other  then  glass  also  exhibited  a  synergistic  effect  when  properly  combined. 
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Figure  1  -  Arrangement  of  Telocity-measuring  equipment 


The  total  weight  of  the  composite  was  selected  to  be  app  jximately 
UO  ounces  per  square  foot  (areal  density  of  M-l  helmet  plus  lluer).  The 
ratio  of  the  two  components  was  determined  by  the  awailablllty  of  the 
rigid  components. 
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RESULTS 


Ballistic  Resistance  Limits 

The  V50 .ballistic  limits  of  a  composite  of  window  glass  backed  with 
nylon  fabric'^-'  and  the  V50  limits  of  the  two  components  are  shown  in 
Table  I  and  are  compared  at  the  composite  areal  density  (41*7  oz/sq  ft) 
with  equivalent  nylon  fabric  and  glass.  The  comparison  with  glass  is 
made  on  the  basis  of  an  estimated  V50  limit  for  41.7  oz/sq  ft  glass 
calculated  by  interpolation  of  missile  velocity  loss  data  for  23.0  and 
49.2  oz/sq  ft  glass  and  from  the  V50  limit  for  23.0  oz/sq  ft  glass. 


TABLE  I.  V50  Ballistic  Resistance  Limits  of  Composite  of  Window  Glass 
Backed  With  Nylon  Fabric  and  of  the  2  Components 

Areal  Density  V^q  Limit 

Material  £oz/sq  ft)  (Protection) 


Window  glass,  3/32  inch 
thick 

23.0 

392(a) 

Nylon  cloth,  14  oz/sq  yd 

12  plies,  MIL-C~12369 

18.7 

I2flo(b) 

Window  «lass  and  nylon 
cloth  composite 

Observed  (  . 
Calculated'0' 

41.7 

1750 

1339 

(Difference  between  observed 
and  calculated  values 

Ul) 

Equivalent  weight  of 
nylon  cloth 

41.7 

177o(b) 

Equivalent  weight  of 

glass 

41.7 

76o(d) 

(a)See  Reference  (14)  |  (b)  See  Reference  (15)  i  (c)  The  Vcq  of 
two  components  is  equal  to  the  square  root  of  the  sun  or  the 
squares  of  the  V^s  of  each  component;  (d)  Estimated. 

It  is  apparent  that  glass  in  combination  with  nylon  armor  cloth,  is 
as  effective  in  stopping  the  .22  caliber  fragnent  simulator  as  an  equiva¬ 
lent  weight  of  nylon  armor  cloth.  In  effect,  glass,  usually  not  considered 

as  an  armor  material,  becomes  the  equivalent  of  nylon  armor  cloth  when 
combined  with  that  cloth.  Also,  as  shown  in  the  table,  the  V50  limit  ex¬ 
perimentally  determined  for  the  glass-nylon  cloth  combination  is  31  percent 
greater  (411  ft/sec)  than  the  calculated  limit.  Therefore,  glass  must  be 
considered  as  possessing  unusual  energy  absorption  characteristics. 
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The  second  two-component  system  tested  in  an  attempt  to  demonstrate 
the  synergistic  effect  of  composite  armor  consisted  of  a  titanium  alloy 
and  nylon  fabric  assembly.  The  titanium  alloy,  A-110AT,  containing 
aluminum  and  tin,  was  selected  when  it  was  observed  that  this  material 
deformed  impacting  missiles.  Deformation  of  missiles  had  also  been  ob¬ 
served  in  the  case  of  glass.  It  should  be  noted  that  the  missiles  are 
hardened  steel  (Rockwell  C30).  A  0. 063-inch  thick  sheet  of  A-110AT 
titanium  alloy,  in  the  hot  rolled  annealed  condition,  was  placed  in 
front  of  eight  plies  of  nylon  armor  fabric.  The  test  results  for  this 
combination  are  shown  in  Table  II  and  are  compared  to  an  equivalent 
weight  (36.9  oz/sq  ft)  of  nylon  armor  fabric  and  of  the  titaniian  alloy. 
The  V50  limit  for  36.9  oz/sq  ft  of  titanium  A-110AT  was  estimated  from 
energy  absorption  data  for  24» 0  oz/sq  ft  material. 

TABLE  II.  Vcq  Ballistic  Resistance  Limits  of  Composite  of  Titanium 
Alloy  A-110AT  Backed  with  8  Plies  of  Nylon  Cloth  and  of 
the  2  Components 


Areal  Density  V^  Limit 

Material  _ {oz/sq  ft) _ (Protection) 

Titanium  alloy,  A-110AT, 


0.063  inch  thick 

24.5 

1200 

Nylon  cloth,  14  oz/sq  ft 

8  plies,  MIL-C-12369 

12.4 

1121^a) 

Titanium  alloy  and  nylon 
cloth  composite 

Observed  . 

Calculated^' 

36.9 

1831 

16  42 

(Difference  between  observed 
and  calculated  values 

169) 

Equivalent  weight  of  nylon 
cloth 

36.9 

1675^°) 

Equivalent  weight  of 

A-110AT 

36.9 

l750(d) 

(a) See  Reference  (l6);  (b)  The  V50  of  two  components  is  equal 
to  the  square  root  of  the  sum  of  the  squares  of  the  of 

each  component^  (c)  See  Reference  (15);  (d)  Estimated-See 
Reference  (14). 

It  is  noted  that  the  combination  of  titanium  and  nylon  armor  cloth 
has  superior  protective  characteristics  compared  to  an  equivalent  weight 
of  either  component  and  also,  for  the  first  time,  the  ballistic  resistance 
limit  of  nylon  armor  cloth  has  been  exceeded.  As  shown  in  Table  II,  the 
Vcq  limit  of  this  combination  was  determined  to  be  156  ft/sec  greater 
tnan  that  of  an  equal  weight  of  nylon  armor  cloth  and  is  1B9  ft/sec 
greater  than  the  calculated  V50  limit  for  this  combination.  A  synergis¬ 
tic  effect  is  also  considered  to  be  operative  in  this  case. 
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A  third  example  of  the  synergistic  effects  of  combinations  of  armor 
materials  vs s  found  in  the  transparent  armor  structures  developed  for  mine 
clearance  armor*  These  consist  of  three  components  laminated  together: 

a*  A  polymethyl  methacrylate  sheet;  3/8  inch  in  thickness* 

b.  An  interlayer  consisting  of  five  layers,  0*015  inch  p*r 
layer,  of  safety  glass  grade  polyvinyl  butyral. 

c.  A  backing  film  of  0*003  inch  thick  nylon  (to  retain  shattered 
fragments  of  polymethyl  methacrylate  vhl?h  nay  act  as  secondary  missiles) . 

For  the  effects  discussed,  the  influence  of  the  backing  film  is  neg¬ 
ligible  because  of  its  thinness  and  its  low  density  and  can  be  disregarded* 
Table  III  shovs  the  V50  limits  of  the  two  major  components  and  of  the 
congoelte* 

Table  III.  V50  Ballistic  Resistance  Limits  of  Polymethyl  Methacrylate 
and  5  Layers  of  Polyvinyl  Butyral  and  its  2  Components 


Material 

Areal  Density 
foa/sQ  ft) 

V50  Limit 
(Protection) 

Polymsthyl  methacrylate  sheet, 

3/8  inch  thick 

35.7 

920 

Polyvinyl  butyral,  five  layer*, 
each  0.015  inch  thick 

6.8 

*10 

• 

Transparent  armor  structure 

Observed 

Calculated* 

*2.5 

1550 

10*2 

(Difference  between  observed 
and  calculated  values 

508) 

Equivalent  weight  of  polymsthyl 
methacrylate  ahset 

1025 

Equivalent  weight  of  pclyvlnyl 
butyral  sheet 

*2.5 

,  „  *7° 

*Tb»  Jkq  of  two  components  is  equal  to  the  square 
of  the  squares  of  the  Y^q's  of  each  cosmonaut. 

root  of  the  sum 

This  co^inatiom  of  tvo  plastic  materials,  polymethyl  methacrylate 
and  polyvinyl  butyral,  quite  different  in  physical  make-19  from  the  glass- 
nylon  fabric  and  the  titanium-nylon  fabric  combinations,  also  exhibits 
unusual  energy  absorption  characteristics.  The  difference  between  ob¬ 
served  and  calculated  V50  limits  for  the  transparent  armor  structure  is 
approximately  500  ft/sec.  The  difference!  between  the  Y50  limit  for 
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the  composite  structure  and  an  equivalent  veight  of  either  the  polymethyl 
mrfchacrylate  or  polyvinyl .butyral  sheet  is  also  large,  approximately 

500  and  700  ft/sec.,  respectively.  It  is  interesting  to  note,  however, 
that  no  deformation  of  the  missile  occurs  vith  this  combination  of  plas¬ 
tics  . 


Residual  Velocity  Results 

The  energy  absorption  characteristics  of  several  materials,  Including 
glskss,  metals,  fabrics  and  plastics,  were  determined.  Figures  2  through 
6  show  the  results  plotted  as  missile  residual  velocity  against  missile 
striking  velocity.  The  relationships  shown  vere  calculated  by  the  method 
of  least  squares. 

Window  glass.  3/32-  and  7/32- Inch  thick,  vas  tested  In  the  range  of 
striking  velocities  from  700  to  2500  ft. /sec.  The  significant  fact,  as 
shown  by  Figure  2,  Is  that  the  difference  between  the  striking  velocity 
ami  the  red  dual  velocity  (that  la,  the  loas  In  velocity  of  the  mlaalle) 
increases  a a  the  velocity  Increases,  thereby  confirming  the  conclusion  of 
earlier  workers 3)  For  materials  such  as  aluminum,  steel,  and  nylon. arrocr 
cloth,  it  has  been  fotmd(3»14)  that  this  missile  velocity  loss  diminishes 
slowly  with  Increasing  velocity  and  approaches  s  limiting  value.  The 
difference  between  striking  velocity  and  residual  velocity  la  represented 
by  the  vertical  distance  between  the  curve  and  the  45°  line  (residual 
velocity  s  striking  velocity)  of  Figure  2.  The  effectiveness  of  s  mater¬ 
ial  in  reducing  the  energy  of  the  impacting  missile  la  Indicated  by  the 
distance  of  the  curve  below  the  45°  line  end  by  Its  slope.  The  lover 
the  curve  and  the  closer  it  approaches  the  horizontal,  the  more  effective 
Is  the  &naor  material  that  the  carve  represents.  The  slope  of  the  curve 
indicates  how  rapidly  the  difference  changes  with  velocity.  For  conven¬ 
tional  materials,  the  slope  approaches  unity.  For  3/32~lmch  glass,  the 
slope  Is  O.79.  For  7/32-iach  glass,  the  slope  Is  O.65,  apprecisbly  less 
than  that  of  the  thinner  glass .  Consequently.  It  appears  that  the  effect¬ 
iveness  of  glass  as  an  energy  absorber  Increases  with  Increasing  thickness. 

The  residual  velocity-striking  velocity  relationships  of  missiles 
penetrating  A-110AT  titanium  alloy  are  shown  in  Figure  3  .  The  lime 
shown  Is  .displaced  a  considerable  distance  from  the  45°  reference  line 
mt  the  lower  striking  velocities  but  it  closer  at  the  higher  velocities. 
The  extent  of  the  displacement  from  the  45°  reference  line  Indicates  a 
high  capacity  for  energy  absorption;  the  slope  (1.22)  indicates  that 
this  capacity  decreases  with  increasing  velocity.  The  latter  indication 
ii  questionable  because  of  the  high  degree  of  scatter  in  the  data  and 
ins -officiant  niafcer  of  points  at  thi  higher  velocities. 

Figure  4  shows  the  residual  velocity-striking  velocity  relationship 
for  missiles  penetrating  nylon  cloth.  This  curve  rapidly  approaches  the 
**5°  reference  line  asymptotically,  and  is  considered  to  be  typical  of 
materials  that  are  poor  energy  absorbers  when  impacted  by  missiles 
-travelling  at  velocities  much  above  the  ballistic  limit. 
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MISSILE  RESIDUAL  VELOCI TY -STRIKING  VELOCITY  RELATIONSHIPS 
(.22  caliber,  17 -grain,  T37  fragment  simulating  projectile  at  0°  obliquity) 
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The  data  for  l/8-inch  thick  2024-T3  aluminum  (formerly  designated 
24S-T300)  are  shown  in  Figure  5,  as  a  straight  line  approximately 
parallel  (slope  1*02)  to  the  45°  line.  A  straight  line  with  a  slope  of 
unity  is  considered  to  be  typical  of  metals. 

The  residual  Telocity-striking,  velocity  data  obtained  with  3/8-inch 
polymethyl  methacrylate  sheet  (35.7  o*/sq  ft)  are  shown  in  Figure  6. 

The  straight  line  for  polymethyl  methacrylate  sheet  is  displaceda  con¬ 
siderable  distance  from  the  45°  reference  line.  The  slops  of  the  line 
is  1.03. 

Comparison  of  Figures  2  through  6  shows  that  the  velocity  loss  of 
the  .22  caliber  T37  fragment  simulator  in  passing  through  armor  is  de¬ 
pendent  upon  the  material  and  upon  the  areal  density  of  the  armor. 
Materials  of  different  types  appear  to  differ  greatly  in  reducing  the 
velocity  of  this  particular  missile.  A  comparison  of  the  data  for  two 
thicknesses  of  glass  shows  that  the  velocity  loss/areal  density  ratio  is 
greater  for  the  thicker  glass  throughout  the  range  of  striking  velocities. 
For  both  thicknesses,  the  velocity  loss/areal  density  ratio  is  greater  at 
the  higher  than  at  the  lower  velocities.  Table  IV  shows  this  ratio  at 
two  striking  velocities.  Table  IV  also  shows  that  the  velocity  lore/ 
weight  ratio  is  less  at  the  higher  velocity  for  titaniw  A-110AT  and  nylon 
cloth,  but  is  constant  for  the  alimdnum  alloy  and  for  polymethyl  metha¬ 
crylate.  Titanium  A-UOAT  has  a  much  higher  velocity  loss/weight  ratio 
at  both  the  velocities  shown  than  any  of  the  materials.  However,  at 
lower  velocities  than  shown  here,  nylon  cloth  is  expected  to  have  a  ratio 
approaching  that  of  titanium  A-110AT. 

TABLE  IV.  Ratio  of  Velocity  Loss  (ft/cec)  to  Areal  Density  (o*/sq  ft) 

Weight  Missile  Striking  Velocity 

_ Material _ (oe/sq  ft) _ 1500  ft/sec  2000  ft/sec 


Glass,  3/32* 

23 

1  17.0 

21.7 

Glass,  7/32" 

49.2 

20.5 

24.2 

Tltaniu.  A-110AT 

24.5 

43.9 

40.0 

Nylon  Cloth 

18.7 

28a 

21.7 

Aluilnun  2024-T3 

| 

29.5 

17.6 

17.6 

Polymethyl  methacrylate 

35.7 

24.1 

23.8 
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DISCUSSIOH 


The  results  of  tbs  three  composite  systems  presented  show  that  tbs 
Vcq  ballistic  Halts  of  araor  can  be  Increased  beyond  that  vbich  can  be 
expected  of  single  Materials.  In  one  case,  it  was  demonstrated  that  one 
component,  glass  (usually  regarded  as  a  poor  amor  material),  when  com¬ 
bined  with  an  excellent  amor  material  (nylon  fabric),  becostos  equivalent 
in  performance  to  tbe  excellent  material.  Polymrtbyl  methacrylate  and 
polyvinyl  butyral,  both  inferior  In  missile-stopping  ability,  vben  com¬ 
bined,  produce  good  transparent  armor.  Vben  tvo  good  amor  aaterlals, 
titanium  and  nylon  cloth,  are  coafclned,  tbe  resulting  composite  is 
superior  in  protective  characteristics  to  any  known  armor  material  (based 
on  a  calculated  V50  ballistic  resistance  limit  for  tltanlm  A-11QAT) . 

Of  tbe  three  composites  tested,  only  one,  tbe  polynethyl  methacrylate/ 
polyvinyl  butyral  composite,  bad  a  Vcq  ballistic  resistance  limit  sub¬ 
stantially  greater  (fifty  per  cent)  than  tbe  V50  limit  of  either  component 
on  an  equal  areal  density  basis.  Tbe  surprising  effectiveness  of  this 
composite  cannot  be  completely  explained,  in  terms  of  its  components.  Al¬ 
though  tbe  polynethyl  methacrylate  le  effective  in  retarding  missiles,  tbe 
rear  component,  polyvinyl  butyral,  baa  a  very  low  V50  ballistic  limit  for 
its  areal  density.  Thus,  although  this  does  demonstrate  that 

composites  are  better  then  single  materials,  it  is  an  exception  to  tbe 
supposition  that  tbe  rear  component  of  such  composites  must  be  a  material 
of  high  stopping  power.  Also,  apparently,  missile  deformation  le  not  re¬ 
quired  for  composites  to  be  more  effective  than  their  components. 

Tbe  other  tvo  composites  have  V50  ballistic  resistance  limits  not 
much  different  from  that  of  tbe  better  component  but  substantially 
greater  than  the  other  component.  Tbe  glass-nylon  composite  has  a  V^q 
limit  double  that  of  glass  but  very  slightly  less  than  that  of  nylon 
doth  on  an  equal  areal  density  basis.  Comparison  of  tbe  residual 
velocity-striking  velocity  curves  (Figures  2  and  k)  far  3/ 32-inch  glass 
and  nylon  doth  shows  that  the  difference  between  tbe  two  materials  at 
tbe  V50  limit  of  tbe  composite  (approximately  1000  feet/eecomd)  le  very 
email  (lees  then  50  f set/ second) ,  with  nylon  cloth  having  tbe  higher 
value.  Therefore,  it  would  not  be  reasonable  in  this  came  to  expect  tbe 
coaqjoslte  to  be  distinctly  superior  to  tbe  better  component.  This  com¬ 
posite  demonstrates,  however,  that  a  material  with  low  stopping  power, 
but  effective  as  a  retarding  material,  can  be  substituted  for  a  portion 
of  an  armor  material  with  a  high  V50  limit  to  form  a  composite  providing 
equivalent  protection. 

The  tltanlimi  A-11QAT  and  nylon  cloth  composite  has  a  V50  Unit 
somewhat  greater  than  either  nylon  doth  (by  156  feet/second)  or  tbe 
tltsnlw  alloy  (by  an  estimated  Si  feet/s eeoad)  on  an  equal  areal  density 
basis.  Comparison  of  tbe  residual  velocity-striking  curves  for  tbe 
tvo  materials  shows  that,  for  tbe  velocity  range  explored,  tbe  titanium 
alloy  is  more  effective  in  reducing  tbe  missile  velocity  than  le  nylon 
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fabric.  However,  an  extrapolation  of  the  curves  to  lover  velocities 
indicates  that  the  difference  between  the  tvo  diminishes  rapidly  and 
eventually  nylon  is  superior.  Considering  the  composite  to  be  formed 
by  substituting  titanium  for  the  front  portion  of  armor  consisting  of 
nylon  cloth,  it  is  reasonable  to  expect  the  composite  to  be  distinctly 
superior  to  the  nylon  cloth  (the  test  results  confirm  this) .  When  the 
composite  is  considered  to  be  formed  by  substituting  nylon  cloth  for 
the  iear  portion  of  the  titanium,  it  is  reasonable  to  expect  the  com¬ 
posite  to  be  equivalent  or  slightly  superior  to  the  titanium  alloy: 
again,  the  results  confirm  this  expectation. 

Missile  deformation  is  apparently  not  required  for  synergism  to 
occur,  although  it  may  play  a  role  in  some  composite  systems.  Missile 
deformation  did  not  occur  in  the  case  of  the  composite  with  the  largest 
synergistic  effect,  namely  polymethyl  methacrylate-polyvinyl  butyral. 

Since  the  cosqponents,  their  combinations,  and  the  relative  areal 
densities  of  the  components  and  total  composite  areal  density  were 
arbitrarily  chosen  or  determined  by  the  availability  of  the  materials, 
it  is  reasonable  to  expect  that  more  effective  combinations  can  be 
designed  within  the  practical  areal  density  range  for  personnel  armor 
(10  bo  bo  oz  /sq  ft  ) . 

Since  a  V50  Unit  of  approximately  lSOO  ft  /sec  has  already  been 
attained  by  a  composite  vhcse  areal  density  is  equal  to  that  of  the  M-l 
helmet  and  liner  (36.9  os  /sq  ft.),  a  Vjo  Unit  of  at  least  2000  ft”/ 
sec.  (for  the  .22  caliber  T37  fragimnt  simulator)  for  a  properly  de¬ 
signed  composite  helmet  does  not  seem  unreasonable.  Such  a  future 
helmet  will  be  capable  of  protecting  ag*  jnst  missiles  with  four  times 
the  kinetic  energy  cf  missiles  than  can  be  defeated  by  the  present 
standard  helmet.  Although  V50  limits  are  not  readily  translatable  in 
terms  of  reduction  in  battlefield  casualties,  it  appears  reasonable  to 
consider  such  an  Increase  in  V 50  limit  should  be  highly  Important. 

Likewise,  for  body  armor,  at  an  areal  density  of  20  oz  /sq  ft  , 
it  appears  feasible  to  Increase  the  Vcq  limit  of  the  armor  vest  from 
the  present  1250  ft  /sec  to  1500  ft  /sec. 

Protection  for  the  infantry  soldier  against  email  arms  fire, 
although  not  imminent  st  this  time  will  become  practical  if  another 
fifty  per  cent  decrease  in  weight  can  be  attained.  The  first  fifty 
per  cent  decrease  in  weight  was  made  possible  in  19^5 (^)  by  the  use 
of  a  glass -Doran  composite  as  compared  to  a  single  material.  At 
present.  as  indicated  by  exploratory  experiments  at  this  Center, 
protection  against  the  .  30  caliber  ball  ammunition  at  a  kOO  to  500 
yard  range  can  be  obtained  by  a  7  lb  /sq  ft  composite  armor.  This 
arsc-r  appears  practical  for  certain  applications  where  the  armor  is 
not  worn  by  the  soldier,  such  as  for  armoring  specific  areas  of  Army 
aircraft,  e.g.,  3eats  for  the  protection  of  personnel.  Composites 
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mj  be  even  more  effective  at  such  higher  areal  densities  to  provide 
protection  against  beerier  and  higher  velocity  nlsslles;  the  results 
obtained  for  glass  indicate  its  increasing  effectiveness  at  higher 
velocities  and  its  greater  velocity  loss /areal  density  ratio  at  higher 
areal  densities*  Such  amor  nay  be  practical  for  stationary  structures 
or  for  powered  vehicles* 
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CONCLUSIONS 


The  belief  that  the  efficiency  of  a  material  for  personnel  armor 
is  expressed  by  a  V50  ballistic  resistance  limit  or  other  measure  of 
its  missile  stopping  power  is  only  partially  correct.  The  stopping 
power  of  the  complete  armor  may  Indeed  be  the  criterion  for  armor 
considered  as  a  whole*;  but,  for  component  materials  of  composite 
armor,  both  the  Ycq  ballistic  resistance  limit  (stopping  power)  and 
the  missile  Telocity  loss  (retardation  effect)  need  be  considered  in 
any  evaluation  or  selection.  Although  materials  such  as  glass  have 
very  low  stopping  power,  they  are  capable,  nevertheless,  of  reducing 
significantly  the  energy  of  the  penetrating  missile.  High  energy 
absorbers ,  as  a  class  of  materials  distinct  from  materials  of  high 
stopping  power,  have  been  almost  completely  overlooked  in  the  search 
for  personnel  armor  materials.  Materials  of  high  stopping  power,  such 
as  nylon  cloth,  tested  above  their  ballistic  resistance  limit,  offer 
less  resistance,  l.e.,  slow  down  the  missile  less  than  the  high  energy 
absorption  type  of  material.  It  is  conceded  that  materials  may  exist 
which  have  a  high  ballistic  resistance  limit  as  well  as  good  missile- 
retarding  characteristics. 

Properly  selected  coafclnatlons  of  high  energy  absorbing  materials 
with  high  stopping  power  materials  are  more  effective  than  either  com¬ 
ponent  of  equivalent  areal  density.  Practical  guides  to  the  selection 
of  components  are  the  Vcq  ballistic  resistance  limit  (or  equivalent) 
and  the  relationship  be  ween  missile  striking  velocity  and  residual 
velocity.  Arrangement  of  two  components  into  a  composite  is  determined 
by  placing  the  more  effective  missile  retarding  component  in  front  of 
the  more  effective  missile  stopping  component. 


♦neglecting  any  decrease  in  the  severity  of  wounds  as  a  result  of 
armor  reducing  the  velocity  of  missiles. 
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SUMUBY 


The  energy  absorption  characteristics  of  glass  previously  reported 
by  Nellecker  and  Gailus  ( 3)  have  been  verified  far  the  .22  caliber  IT 
grain  T37  tact  fragment  simulator.  Unusual  missile-retarding  character¬ 
istics  vere  also  observed  for  titanium  A-11QAT  and  for  polymethyl 
methacrylate  sheet. 

A  significant  synergistic  effect  was  noted  when  a  material  with 
high  stopping  power  was  combined  vith  a  material  of  high  energy  absorp¬ 
tion.  Three  composite  structures— a  glass-nylon  cloth,  a  titanium-nylon 
cloth  and  a  polymethyl  methacrylate-polyvinyl  butyral  laminate— were 
found  to  be  equivalent  or  superior  in  protective  characteristics  to  an 
equivalent  weight  per  unit  area  of  any  component. 

A  composite  structure  of  titanium  and  nylon  cloth  was  found  to  be 
superior  in  protective  characteristics  to  any  known  armor  material  (for 
the  .22  caliber  IT  grain  T3 T  fragment  simulator  in  the  areal  density 
range  tested) . 

A  method  of  selecting  components  for  a  synergistic  composite  that 
is  superior  in  protective  characteristics  to  any  single  component  was 
suggested  by  the  use  of  ballistic  llrlts  data  and  missile  residual 
velocity  data. 
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FUTURE  WORK 


The  exploratory  Investigation  just  described  has  demonstrated  that 
materials  do  differ  in  their  ability  to  slow  down  missiles  passing 
through  them  as  veil  as  In  the  ability  to  stop  missiles.  Composites  of 
dissimilar  components  properly  selected  and  positioned  have  a  higher 
ballistic  resistance  limit  (V50)  than  a  component  of  areal  density  equal 
to  that  of  the  composite. 

Since  composites  appear  to  offer  the  possibility  of  significantly 
Increasing  the  protection  afforded  combat  personnel  against  battlefield 
missiles,  the  QM  R&E  Center  Laboratories  are  conducting  an  extensive 
Investigation  of  materials  to  determine  ballistic  resistance  limits  and 
energy  absorption  data  (missile  striking  velocity  vs  residual  velocity) . 
These  data  should  be  useful  in  the  selection  and  proper  positioning  of 
components.  The  materials  selected  for  study  vill  include  those  mater¬ 
ials  not  usually  considered  suitable  for  armor  since  (a)  good  energy 
absorbing  materials  apparently  need  not  by  themselves  be  good  absorbers 
and  (b)  the  Immediate  purpose  of  the  Investigation  Is  to  obtain  funda¬ 
mental  Information  concerning  materials  that  may  lead  to  significantly 
superior  armor  rather  than  to  a  trial  and  error  design  of  a  practical 
armor  system.  Specific  classes  of  materials  selected  are  metals,  tex¬ 
tiles,  plastics,  glasses  and  ceramics.  In  order  to  determine  clearly 
the  relationship  betveen  the  missile  stopping  and  retarding  character¬ 
istics  of  component  materials  and  their  composites,  the  composites  vill 
be  evaluated  concurrently  vith  single  materials. 

The  QN  B&K  Center  program  vill  consider  factors  such  es  material 
velght  (areal  density),  size  and  type  of  missile,  and  missile  striking 
velocity.  The  areal  density  vill  be  in  the  range  considered  suitable 
for  personnel  armor,  viz.  10  to  kO  os  /sq  ft  Testing  vill  be  conducted 
vith  the  following  missiles;  .22,  .15  and  .10  caliber  fragment  simulat¬ 
ing  projectiles,  flechettes  and  other  missiles  of  unusual  size  or  form. 
Data  vill  be  obtained  over  the  range  of  missile  striking  velocities  from 
Just  above  the  ballistic  resistance  limit  of  the  material  to  approxi- 
■at«ly  4000  ft./W. 
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